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Assessment of fire engineering design correlations used to 
describe the geometry and thermal characteristics of Externally 
Venting Flames 
 
Abstract 
Externally Venting Flames (EVF) may emerge through openings in fully developed under-ventilated 
compartment fires, significantly increasing the risk of fire spreading to higher floors or adjacent 
buildings. Several fire engineering correlations have been developed, aiming to describe the main 
characteristics of EVF that affect the fire safety design aspects of a building, such as EVF geometry, 
EVF centreline temperature and heat flux to the façade elements. This work is motivated by recent 
literature reports suggesting that existing correlations, proposed in fire safety design guidelines (e.g. 
Eurocodes), cannot describe with sufficient accuracy the characteristics of EVF under realistic fire 
conditions. In this context, a wide range of EVF correlations are comparatively assessed and 
evaluated. Quantification of their predictive capabilities is achieved by means of comparison with 
measurements obtained in 30 different large-scale fire compartment experiments, covering a broad 
range of heat release rates, opening factor values and ventilation conditions. Five opening areas, 
ranging from 1.88 m2 to 7.02 m2, and four HRR values, namely 5.5 MW, 6.9 MW, 8.6 MW and 10.3 
MW, are employed in the current study. A detailed analysis of the obtained results and the respective 
errors corroborates the fact that certain correlations significantly under-predict critical physical 
parameters, thus resulting in reduced fire safety levels. The effect of commonly used assumptions (e.g. 
EVF envelope shape or model parameters for convective and radiative heat transfer calculations) on 
the accuracy of the predicted values is determined, aiming to highlight the potential to improve the fire 
engineering design correlations currently available. Methodologies in which the effects of different 
types of fuel are taken into account and constant convective coefficient are used, are found to 
outperform other methodologies. 
 
Keywords: Externally Venting Flames, facade, large-scale experiments, centreline temperature, heat 
flux, fire engineering, design correlations, flame height, flame width, flame projection. 
 
 
 
 
 
  
1 Introduction  
In a fully developed, under-ventilated compartment fire, flames may spill out of external openings 
(e.g. windows) in the case of glazing failure. It is well established that Externally Venting Flames 
(EVF) significantly increase the risk of fire spreading to higher floors or adjacent buildings [1, 2]. 
New façade design concepts and construction materials constantly challenge the established fire safety 
solutions. For instance, due to the ever stricter requirements for building energy performance, there is 
a growing trend of installing thermal insulation materials, that are usually flammable (e.g. polystyrene-
based), on building façades. This energy saving practice is adversely affecting the building’s fire 
safety characteristics related to EVF. However, the majority of current fire safety codes, worldwide, 
lack specific methodologies to evaluate the risks associated with EVF. The increasing occurrence of 
EVF events in high rise buildings, resulting in a large number of casualties, structural damage and 
property loss [1, 3, 4], renders the need to improve design guidelines for EVF and façade fires an 
urgent priority. 
In order to effectively act towards EVF prevention and mitigation of external fire spread, it is 
essential to understand the nature of the fundamental physical phenomena affecting EVF. Research on 
EVF, focused on identifying the main physical parameters governing the compartment fire dynamics 
and the necessary conditions for an EVF to develop, commenced in the early 1960’s by Yokoi [5] and 
was followed later on by other researchers [6-9]. The main findings of these research efforts, regarding 
EVF description and its impact on facades, were gradually incorporated in fire safety codes and design 
guidelines. However, addressing EVF related risks is still far from adequate. For instance, in the 
Eurocode design guidelines [10], there are only coincidental references to risks associated with EVF 
(i.e. protection of steel [11] and timber external building elements [12]); fire spreading due to 
combustible façade materials is not addressed at all. 
This work is motivated by an increasing number of reports [13-17] suggesting that existing 
engineering design methodologies cannot describe with sufficient accuracy the characteristics of EVF 
under realistic fire conditions. The main scope of this paper is to assess a range of fire engineering 
correlations currently implemented in guidelines used for the design of external building elements [2, 
16, 18, 19] and to investigate the challenges associated with the proper application of each model. 
Correlations used to describe the geometric and thermal characteristics of EVF, as well as 
methodologies for the evaluation of the EVF-induced thermal exposure of building facades, are 
evaluated. The predictive accuracy of each model is assessed through comparison with available data 
from 30 large scale compartment-facade fire experiments, for a large variety of fuel loads, ventilation 
conditions and opening factors. A statistical analysis is performed and the parameters that have a 
major effect on calculation results are discussed in detail. 
2 Externally Venting Flames in Compartment Fires 
2.1 Characteristics of Externally Venting Flames 
Externally Venting Flames are essentially flames that traverse an opening of the fire compartment 
and emerge to the ambient environment [7, 20]. The basic compartment fire phenomena and resulting 
EVF shapes, as described in the majority of the currently available design guidelines, e.g. the 
Eurocode [10], are illustrated in Figure 1. Fire ventilation mode, geometric characteristics of the fire 
  
compartment and prevailing ventilation conditions are known to have a significant effect on EVF 
development [10, 13-15, 21, 22]. 
2.1.1 Fire Ventilation Modes 
Several phenomena are known to govern compartment fire dynamics [23]. During the initial stages 
of fire development, combustion is limited at the interior of the fire compartment. Incoming air enters 
the compartment at a specific mass flow rate ( am ) through the lower part of the opening, whereas hot, 
vitiated, gases (
gm ) exit through the upper part of the opening. Depending on the size of the 
compartment and the fire load, it is possible to have a fire plume that cannot be contained within the 
compartment; in this case flames are ejected through the opening, due to the expansion of the buoyant 
turbulent flame at the exterior of the compartment [23]. In addition, under oxygen deficiency 
conditions (ventilation-controlled fire), external burning of fuel rich gases leaving the compartment 
may also occur, further sustaining EVF development [2, 6, 7, 23].  
During the fire growth stage, the fire may be either fuel- or ventilation-controlled, depending on the 
ventilation conditions, heat release rate and geometry of the opening. In the fully-developed fire stage 
the fire gas temperature reaches its maximum value and remains practically constant; in this case, the 
fire is usually ventilation-controlled, unless there are uncommonly large openings or a limited fuel 
surface area [23, 24]. Due to differences in the severity of a fire event during the fuel- and ventilation-
controlled stages, it is important to distinguish between the two cases [23-25]. There are several 
methodologies currently employed to characterise and distinguish between the two fire ventilation 
modes. Conservative formulations based on simplified energy balance calculations and experiments on 
fire compartments [e.g 7, 8, 21, 25, 26], tend to accurately describe most ventilation-controlled fires; 
however their accuracy is limited in most fire events involving realistic fuel loads [23].  
A useful quantity to distinguish between the two fire ventilation modes is the Global Equivalence 
Ratio (GER or Φ) [23], expressed in Eq. (1) as the ratio of the fuel mass flow rate (
fm ) to the oxygen 
mass flow rate entering the compartment (
2O
m ), divided by the fuel-to-oxygen stoichiometric mass 
ratio (r) [23, 26]. The mass flow rate of the oxygen entering the compartment can be estimated using 
an empirical correlation, Eq. (2) [23, 26]. The oxygen mass fraction in air, airO2Y , , is assumed to be 
equal to 0.232. When the value of GER exceeds unity the fire is considered as ventilation-controlled 
(under-ventilated); when GER is less than one, the fire is regarded as fuel-controlled (well-ventilated).  
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The equivalence ratio can alternatevily be estimated using Eq. (3), where the oxygen-to-fuel 
stoichiometric mass ratio (r') is employed [23]. This formulation enables the direct use of the oxygen-
to-fuel stoichiometric mass ratio values that are available for a large variety of commonly used fuels. 
The fuel combustion rate (
fm ) and the air mass flow rate entering the compartment ( am ) can be 
  
estimated using Eqs. (4) and (5), respectively. The heat release rate ( Q ) is typically estimated 
experimentally, using cone calorimeter techniques. The air mass flow rate entering the compartment 
(
am ) is considered to be independent of temperature (above 150
oC) and can be estimated using the 
opening factor, A0(H0)
1/2 [23]. Eq. (5) is derived by applying the Bernoulli equation to the air flow into 
the fire compartment through a single opening; a 0.52 constant is used to multiply the opening factor 
when post-flashover coditions prevail. 
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2.1.2 Effect of Forced Draught Conditions 
EVF exhibit significantly different characteristics depending on the number and position of openings 
in the fire compartment [10, 21]. When openings are present on one side only of the fire compartment, 
No Forced Draught (NoFD) conditions are established [10]. In this case, the openings (e.g. window or 
door) are the only source of air supply to the fire and either fuel- or ventilation-controlled conditions 
may characterize the fire behaviour. On the other hand, when there are openings on opposite sides of 
the fire compartment or additional air is being fed to the fire from another source (e.g. mechanical 
ventilation), Forced Draught (FD) conditions can be established [10]. In this case, due to adequate 
ventilation levels, fuel-controlled conditions usually prevail. Suggested fire engineering design 
correlations are identical in both cases; however, the heat release rate values used in the calculations 
may differ. Heat release rate in fuel-controlled fire conditions is mainly affected by the free burning 
(open air) fire duration, whereas in ventilation-controlled conditions, the heat release rate depends on 
the compartment and opening geometry [10, 21]. Both NoFD [9, 13, 14, 27, 28] and FD conditions 
[13-15, 27, 28] are investigated in this work, since limited research has been conducted on the latter 
case (FD conditions), where the increased air flow into the compartment may significantly alter the 
fire characteristics [13-15, 29], due to the increased combustion rate (Figure 1).  
The main EVF geometric characteristics under both NoFD and FD ventilation conditions are 
depicted in Figure 1. Two different layouts for the EVF shape, one corresponding to a constant flame 
thickness (Layout I) and another pertaining to triangular-shaped flame (Layout II), are illustrated in 
the NoFD conditions schematic (Figure 1, left).  In Layout I, the flame is assumed to project from the 
fire compartment at an angle of 45o to the horizontal [10, 15, 21]; it then bends upwards, exhibiting a 
constant flame thickness. In Layout II, the EVF assumes a triangular form, originating at the lintel of 
the opening. Under FD conditions, the jet like EVF is considered to vent away from the façade via the 
entire height of the opening, exhibiting a constant flame thickness (Figure 1, middle); effects of 
buoyancy and mixing are not significant in this case [10, 15, 30]. Fuel combustion rate ( fm ), air mass 
flow rate entering the compartment ( am ) and unburnt volatiles and smoke mass flow rate exiting the 
  
compartment ( gm ) are also depicted in Figure 1, for both ventilation conditions. In the front view of 
the façade (Figure 1, right), EVF width (wf) and opening dimensions (heq and wt) are illustrated, along 
with the characteristic heights of the virtual source (zo) and the neutral plane (zn). Although the 
geometric boundaries (shape) of the EVF envelope change dynamically, it is common practice for fire 
engineering design correlations to assume a uniform shape, defined via flame height (LL), projection 
(LH) and width (wf) [10, 13-15, 21]; flame width (wf) is usually assumed to be equal to the opening 
width (wt) [10, 21]. 
Though much attention has been drawn on the impact of the opening geometry [5, 9, 19] on the EVF, 
scarce experimental data exist [5, 21, 31] regarding the effect of ventilation and external side wind on 
the EVF geometric characteristics; even in these cases only a few of them employ real scale 
experiments [5, 21]. It is well established that high and narrow openings produce a larger EVF, 
projecting in a greater distance from the surface of the adjacent facade wall, whereas wider and low 
openings create a shorter EVF which attach to the façade wall [18]. The latter type of EVF [5, 9, 13, 
14, 16], results in a more severe heat flux exposure of the facade surface above the opening. 
2.2 Fire Engineering Design Correlations Related to EVF 
There are several fire engineering design correlations available [5, 6, 9, 13, 14, 30, 32], aiming to 
describe the main characteristics of EVF that affect the fire safety of a building, such as the EVF 
height (LL), projection (LH), centreline temperature (Tz) and the EVF induced heat flux to the façade 
( q  ). These semi-empirical correlations have been derived using simplified theoretical analyses in 
conjunction with experimental data [5, 21]. The correlations assessed in this work, grouped in three 
broad categories, i.e. estimation of EVF shape, average EVF gas temperature and EVF-induced heat 
flux to the façade, are presented in the following sections.  
2.2.1 Estimation of the Main Dimensions of the EVF Envelope  
Estimation of the EVF shape dimensions and its thermal characteristics is mainly based on the 
conservation laws of mass, momentum and energy of upwards flowing jets [5, 16, 33] or, in the case 
of FD conditions, on temperature distribution patterns of jets without considering buoyancy and heat 
transfer effects [21, 30]. The EVF geometrical characteristics generally depend on the heat release rate 
of the fire (Q), the weighted average of the opening heights (heq), the total area of vertical openings 
(Av) and the external wind speed (V) [10, 33]. A range of semi-empirical correlations [5, 10, 19, 21, 
34-38] used to estimate EVF height (LL) and projection (LH) (c.f. Figure 1) are presented in Tables 1 
and 2, respectively. In general, EVF height (LL) is proportional to heat release rate ( Q ) or excess heat 
release rate ( exQ
 ) and inversely proportional to the hydraulic diameter of the ventilation opening (Dv) 
[2, 6]. The latter quantity represents the area of the opening through which the EVF is ejected and can 
be estimated using Eq. (6) [6, 18]. The excess heat release rate ( exQ
 ) corresponds to the fraction of the 
total heat release rate that is owed to combustion that takes place outside of the fire compartment. 
Recently [18], a correlation to estimate exQ
  for under-ventilated conditions has been proposed (Eq. 7); 
the total heat release rate ( Q ) is assumed to be the sum of the average heat release rate at the interior 
of the fire compartment ( minsQ ,
 ) and the excess heat release rate ( exQ
 ) at the exterior; the former can 
be estimated using Eq. (8). 
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The prescriptive methodology described in Eurocode 1 [10], which is practically based on the 
correlations proposed by Law [21], allows the estimation of the maximum temperatures inside the fire 
compartment, the dimensions and temperature profile of the EVF and the relevant convective and 
radiative heat fluxes. The effect of FD conditions is taken into account only in correlations H1 and P1 
(Tables 1 and 2), where a draught velocity (V) traversing the fire compartment is assumed in cases 
where there are openings on two opposite walls. The rest of the correlations for EVF height 
calculation (H2, H3 and H4) (Table 1) are mainly derived using experimental data from open air pool 
fires. They can also be reasonably used [33] for the determination of EVF average dimensions 
assuming the upper half of the opening as the fuel source; in such a case, only the convective fraction 
of the fire at the opening is considered. Neither compartment size nor shape has a noticeable influence 
on the EVF geometric characteristics [39]. A modified model for the estimation of EVF height, 
expressed via correlation H5, has been recently proposed [32]; in this case the characteristic length 
scale l is calculated using Eq. (9). 
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Uncertainty in determining the EVF height (LL) arises mainly from the different definitions of the 
mean or peak flame height [23, 37, 40]. Visual observations tend to yield slight overestimates of flame 
heights, so image processing analysis may provide more accurate results, using high frame per second 
analysis methodologies for the determination of flame intermittency; the latter quantity is essentially 
the fraction of time that part of the flame is above a certain height [23]. Since the flame is highly 
fluctuating, LL is usually determined by calculating the average flame probability (intermittency). 
Early research [37] indicated that the fire plume above a fuel source can be divided into three main 
regions, characterised by the average flame probability. Using flame intermittency criteria, these three 
distinct regions, namely the “continuous flame”, the “intermittent flame” and the “far-field plume”, 
can be also identified in EVF [18, 41]. In this context, the flame height corresponding to the 
“continuous flame” (LL_0.95, 95% intermittency), “intermittent flame” (LL_0.50, 50% intermittency) and 
“far-field plume” (LL_0.05, 5% intermittency) regions can be obtained; beyond the latter region the 
flame cannot be seen and only hot combustion products are present. LL can be estimated using either 
the 50% flame intermittency limit (LL_0.50), or, alternatively, by averaging the estimated flame height at 
the “continuous flame” (LL_0.05) and “far-field plume” (LL_0.95) regions [40]; values obtained using both 
methodologies are in very good agreement. 
Correlations to estimate the EVF projection (LH) are commonly based on flow analysis 
methodologies assuming non-radiative heat sources located at the upper half of the opening. Although 
some of the correlations [5, 37, 38] are derived from open air pool fire experimental data, they can be 
  
also used for the determination of EVF average dimensions by assuming the upper half of the opening 
as the fuel source [33]. When applying the latter correlations, one should use only the convective 
fraction of the heat release rate at the opening [39]. 
The EVF width (wf) is commonly assumed to be equal to the opening width (wt) [10, 21]; only scarce 
reports in the literature [41] indicate its dependence on EVF height and aspect ratio of the opening 
(wt/heq). It has been observed that when the fire load burns unevenly, it may result in asymmetric EVF 
projection and width [21]; such behaviour is not taken into account in any of the correlations currently 
available.  
In all the aforementioned correlations, used to determine the EVF geometric characteristics, the 
external dimensions of the EVF are assumed to be constant in time (steady-state conditions), enabling 
estimation of the relevant geometrical properties using simple trigonometry rules [10, 16, 21]. 
2.2.2 Estimation of the EVF Centreline Temperature 
There is a range of correlations available to estimate the centreline temperature (Tz) of the EVF and 
gas products exiting through the opening [10, 21, 33]. The centreline (or flame axis) is running 
through the centre of the flame volume, illustrated by the dash-dotted line in the cross-sectional plane 
in Figure 1. 
The early work of Yokoi [5] regarding the temperature distribution of upward jets emanating from a 
circular heat source, revealed the importance of a range of parameters, such as the equivalent radius of 
the opening (ro), calculated using Eq. (10), opening height (Ho) and heat release rate (Q).  
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The effects of the thermal properties of the facade materials to the gas temperature distribution of the 
EVF were neglected. As soon as the plume turns upwards, ambient air entrainment becomes 
significant, advancing combustion and dilution processes. Further investigation based on medium- and 
large- scale compartment-facade fire experiments[54, 32], determined further parameters affecting the 
EVF temperature, such as radiative effects [33], air mass flow rate inside the compartment [32] and 
FD ventilation conditions [21, 31]. Investigating a broad range of semi-empirical correlations used to 
estimate the centreline temperatures of fire plumes and ceiling jets, Beyler [33] determined their range 
of applicability using uncertainty analysis. The general trend is that flame temperature is directly 
proportional to the distance along the centreline of the EVF, as indicated by the fundamental work of 
Law [21] and implemented in Eurocode 1 [10]; only this methodology accounts for the effect of 
ventilation conditions, proposing different correlations for NoFD and FD conditions. A more general 
approach was considered by Himoto [16], employing a two-dimensional analysis and experimental 
validation.  
A range of semi-empirical correlations to estimate the EVF centreline temperature rise above the 
ambient temperature, ΔTm = Tz – Tamb, as a function of height (z) is shown in Table 3. In the majority 
of the investigated correlations, there is a strong dependence of the centreline temperature to the 2/3rd 
power of the heat release rate. The value of z used in the presented correlations corresponds either to 
the height above the opening lintel (T3 and T4) or the height above the virtual source (T2), calculated 
according to the methodology proposed by Yokoi [5]. In correlation T1, EVF centreline is given as a 
function of the axis length from the window to the point where the calculation is made, lx. There are 
  
various methodologies [10, 23, 33] employed to estimate the temperature of the plume at the opening 
of the compartment (To), appearing in correlation T1. In this work, the Eurocode 1 methodology [10] 
was employed, using Eq. (11) and (12); To depends on the opening area (Ao), opening width (wt), flame 
length (Lf) and heat release rate (Q). The EVF flame length (Lf) along the centreline is estimated using 
Eq. (13) and (14) for NoFD and FD conditions, respectively [10]. 
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2.2.3 EVF-induced Heat Flux on the Facade 
A range of different methodologies is available to determine the EVF-induced heat flux to external 
members exposed to fire. Heat flux values are mainly influenced by the compartment geometry, HRR, 
ambient conditions (e.g. temperature, wind speed) and interior compartment temperature [9, 10, 13, 
14, 21, 22 41].  
When fire is ejecting via a compartment opening, the EVF tend to curl back, due to peripheral air 
entrainment, and impinge upon the wall above the opening, resulting in significant convective and 
radiative heat fluxes to the external surface of the façade. Recent fire events in high-rise buildings [4] 
indicate that the total heat flux induced by the EVF can be severe and may lead to fire propagation to 
adjacent floors or buildings. The EVF itself acts as a radiation source; in addition, as it evolves 
towards the exposed suface of the façade it imposes a convective heat flux. The facade absorbs heat 
from the plume and restricts the air entering through the wall side; experimental evidence suggests that 
increasing the width of the opening draws the fire plume closer to the wall [9].  
Effective determination of fire safety requirements for external members requires accurate estimation 
of EVF induced heat fluxes. A range of methodologies for heat flux estimation have been proposed; 
they are all generally based on the pioneering work of Law [21]. The basic principles, calculation 
procedures and limitations of each methodology are briefly presented here and are further analyzed in 
detail in Sections 5.1-5.3. Law [21] reviewed and analysed a large number of compartment fires using 
cellulosic-based fire loads and formulated the heat balance for a solid surface exposed to EVF. Aiming 
  
to derive a conservative solution regarding heat transfer to external facade surfaces, she proposed a 
methodology that allowed estimation of convective and radiative heat fluxes due to EVF under steady-
state conditions. Although this methodology has been developed in order to assess the structural 
integrity of external steel elements engulfed or not in flames, it can also be applied to the façade 
surface [15]. The heat balance for each point of a façade exposed to EVF can be expressed using Eq. 
(15), the convective and radiative components can be estimated using Eq. (16) and Eq. (17), 
respectively.  
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In order to employ Eqs. (15) and (16), it is necessary to estimate the convective heat transfer 
coefficient (ac), the emissivity (ε) and the effective temperature of the flame (Tf). The configuration 
factor (φf) of the opening in relation to the surface depends on the size and shape of the opening and 
the position of the façade surface [21]; methods for estimation of the φf value are given in standard 
textbooks [10, 23]. In Eq.(14) the components expressing the radiation from the compartment flames 
through the opening (φfσTf
4) and the radiative heat loss from the façade wall to the surroundings 
(σTwall
4), are commonly neglected [15]. Thermal radiation depends strongly on the flame emissivity 
(εz), a parameter that cannot be calculated a priori for buoyant, turbulent, diffusion flames [8]. The 
local emissivity of the flame (εz) is commonly estimated using Eq. (18). A constant extinction (or 
emission) coefficient is usually employed (k = 0.3 m-1) [9]; also, a constant flame thickness (λ = 2LH) 
is commonly assumed, as depicted in Figure 1 (Layout I) [9, 21]. 
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By assuming that flames and hot gases exit the compartment through approximately 2/3 of the height 
of the opening, Eq. (19) can be used to estimate the convective heat transfer coefficient (αc). In the 
original paper of Law [21], the characteristic length scale (deq), was defined as the average of the two 
main dimensions of the cross-section of a steel member; the characteristic length scale when referring 
to a point on the façade correspond to the vertical distance between the opening sprandrel and the 
point itself [15]. Determination of the empirical factor c is based on experimental measurements 
obtained from wood crib fires conducted in medium-scale fire compartments [21]; a value of c = 4.67 
is commonly used. 
 
 
4.06.0
1
















=
eqv
c
dA
Q
cα

 (19) 
 
  
In the original work of Law a constant flame thickness is assumed (c.f. Figure 1, Layout I). 
However, it has been shown that this conservative assumption results in large errors when estimating 
heat fluxes at regions close to the upper part of the EVF [9]. Aiming to ameliorate this, Oleszkiewicz 
[9] proposed the use of a triangular-shaped flame (c.f. Figure 1, Layout II). This methodology [9, 26] 
is based on the calculation of the incident heat flux using Eq. (17), assuming a unity configuration 
factor. In this case, the local emissivity of the flame (εz) is estimated using Eq. (16) and a constant 
extinction coefficient, regardless of the fuel type and flame thickness. The flame thickness is 
estimated, assuming a triangular EVF shape [9], using Eq. (20). Eq. (19) is also used to estimate the 
convective heat transfer coefficient, by neglecting the last term, associated with the shape of the 
receiving surface (1/deq = 1.0) [9]. 
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2.2.4 Estimation of EVF-induced Heat Flux 
One notable feature of the various heat flux estimation methodologies is the suggested use of 
predefined values for the extinction (k) and convection heat transfer (αc) coefficients, regardless of 
various parameters that actually affect them. In this work, the impact of such parameters, namely EVF 
geometry and fuel type and their effect on heat transfer components, is investigated. Aiming to 
establish a rigorous methodology for the estimation of the EVF-induced heat flux to external façade 
elements, a range of different methodologies are assessed (c.f. Table 4). Five different models, namely 
HF1-HF5, used for the estimation of the radiative and convective heat transfer components of the 
EVF-induced heat flux are evaluated through comparison with available experimental data. In all the 
examined models, the total heat flux is estimated using Eq. (15), by assuming φf = 1 and neglecting the 
last two terms of Eq. (17) [9, 15]; when relevant measurements were not available, the required EVF 
centreline temperature (Tz) was estimated using correlation T1 [10, 21]. The effects of EVF emissivity 
(εf), extinction coefficient (k) and convective heat transfer coefficient (αc) are investigated.  
The effect of the assumed EVF geometry is initially investigated by implementing two widely 
applied flame shapes, i.e. an EVF with a constant flame thickness (HF1) (Figure 1, Layout I) [10, 21] 
and a triangular-shaped EVF (HF2) (Figure 1, Layout II) [9]. When the EVF geometry is altered, the 
flame thickness (λz) is changed, resulting in different EVF emissivity (εf) values, Eq. (16). Another 
factor affecting the flame emissivity is the extinction coefficient (k). Although in the majority of the 
available literature the extinction coefficient is assumed to be constant [9, 10, 21], usually equal to 0.3 
m-1, in real fire scenarios this is not the case [23, 24]. In models HF1 and HF2, the extinction 
coefficient is valued 0.3. Aiming to investigate the effect of the extinction coefficient (k) on the 
estimated heat flux, different extinction coefficient values, appropriate for each fuel actually used in 
the respective fire test [21, 23], are employed in HF3. Finally, the impact of the convective heat 
transfer coefficient (αc), using either a commonly used constant value (HF4) or a correlation taking 
into account the EVF height (HF5), Eqs. (23) and (24), is assessed.  
3 Full-scale Fire Compartment Experiments 
Experimental data obtained in a wide range of large-scale building compartment-façade fire tests was 
used to evaluate available fire engineering design correlations related to EVF. The test results 
  
employed in this study cover fire tests conducted from the 1980s up to 2012 (Table 5). It is widely 
recognized [2, 23, 26] that even slight changes in configurations or initial conditions can very often 
lead to large differences in experimental results so great attention was given to the detailed collection 
of accurate data concerning ambient conditions, ventilation conditions and fire characteristics for each 
test case. 
For the estimation of the EVF geometry under both NoFD and FD conditions, two experimental data 
sets were used [13, 14, 28]. The comprehensive data set provided by Klopovic and Turan [13, 14], 
based on real furniture fire tests in a compartment-façade configuration was also used for the 
estimation of centreline temperatures. In order to assess the available methodologies to estimate the 
heat flux to the façade, four sets of experimental data were used. Among them, the pioneering work of 
Oleszkiewicz [9] included a series of large scale NoFD compartment facade tests in a three storey 
facility that was used to study the impact of HRR and opening area on heat transfer to the façade at 
various heights from the ground. Five opening areas, ranging from 1.88 m2 to 7.02 m2, and four HRR 
values, namely 5.5 MW, 6.9 MW, 8.6 MW and 10.3 MW, are employed in the current study. More 
recent well documented experimental studies [13-15], under both NoFD and FD conditions, were also 
employed in order to account for the effect of ventilation conditions and fuel type on the EVF 
characteristics, with HRR ranging from 5.03 MW to 8.8 MW. Experimental data for a compartment 
fire under FD conditions (Test One) from the Dalmarnock real furniture fire test series [15] were used 
in this work. Data sets from the ISO13785-2 large scale façade test configuration, under both NoFD 
and FD conditions [27], with HRR values ranging from 2.8 MW to 4.2 MW, were also included in the 
current study.  
The main characteristics of each experimental test case, including the compartment geometry for 
each configuration, ambient conditions, ventilation characteristics and fire power, are presented in 
detail in Table 6. Two of the most important features affecting EVF development [27], namely fuel 
type (Table 5) and HRR (Table 6) are presented. The impact of fuel type has been thoroughly 
investigated evaluating different fire sources; namely real furniture [13, 14], gas burners [9, 27] and 
wood cribs [28] were used to generate fires, exhibiting HRR ranging from 2.8 MW to 10.3 MW. 
Ventilation regimes for each experimental test case are also tabulated (c.f. Section 2.1); the majority of 
the cases are ventilation controlled (under-ventilated fire conditions).  
4 Evaluation of Design Correlations 
4.1 EVF Dimensions 
EVF dimensions were estimated using the correlations presented in Tables 1 and 2. The effect of 
external wind during full scale fires has been extensively investigated by Bechtold [42] in an effort to 
experimentally investigate the effect of EVF on facade elements and fire spread from floor to floor 
through external openings. In the majority of experimental data sets available, external wind velocity 
is not provided. In this work, in absence of wind velocity measurements, an indicative value of 6 m/s 
was used, as suggested [10, 23]. 
The effect of ventilation conditions on the EVF length is evident in Tables 7 and 8. As expected, the 
façade wall is directly exposed to a more intense EVF plume in the FD cases (Test cases 28 and 29); in 
the NoFD test cases (Test cases 2 and 8), combustion takes place mainly at the interior of the fire 
compartment, thus resulting in a less intensive EVF plume that drifts further away from the façade 
and, therefore, exhibits a reduced impact on the façade. Under NoFD conditions, correlations H2, H3 
and H4 generally under-predict experimental values, thus resulting in non-conservative estimations. In 
  
FD conditions, there is notable disagreement between experimental data and predictions when 
correlation H1 (Table 7) is used; the observed discrepancies are attributed to the assumed external 
wind velocity value of 6 m/s. The majority of the correlations avalable for the estimation of EVF 
height tend to under-predict experimental data, resulting in non-conservative estimations. 
Good levels of agreement are observed in the estimation of the maximum projection of the EVF 
away from the façade (Table 8) under NoFD conditions. Nevertheless, this is not the case for FD 
conditions, where all correlations, except P1, tend to significantly underestimate the experimentally 
determined values. 
4.2 Centreline Temperature 
In Figure 2, measurements of the vertical distribution of EVF centerline temperatures [13, 14] are 
compared to predictions obtained using correlations T1-T4 (Table 3). Determination of the virtual 
source and neutral plane height required for Tz is based on the assumption that the EVF emerges from 
the upper half of the opening, exhibiting a divergence angle of 15o, as observed during the experiments 
[14]. Different HRR values were used for the calculations; minsQ ,
  was used for correlation T1 [10], 
whereas a fraction of this value (27%) [14], representing the HRR outside the compartment ( exQ
 ) [14, 
33] was used for correlations T2, T3 and T4 [5, 16, 33]. 
Under NoFD conditions (Figure 2, left), correlation T1 under-predicts experimental data whereas 
correlations T3 and T4 [5, 16, 33] show very good quantitative and qualitative agreement. The point 
heat source assumption employed in correlation T2 [33], results in good qualitative and quantitative 
agreement with the experimental data. Under FD conditions (Figure 2, right), only correlation T1 
accurately estimated the temperature near the opening. Correlations originating from the experimental 
investigation of the fire plumes (either considered as upward hot jets), such as T2 and T4, significantly 
under-predict the EVF centerline temperature near the opening. 
Based on the above, correlations seem to be suitable for the height calculation at regions above the 
height of the opening; all correlations, with the exception of correlation T1 under NoFD conditions, 
give conservative results. Reduced accuracy is observed in positions near the top of the opening. 
 
5 Heat Flux to the Exposed Façade Surface 
5.1 Effect of EVF shape assumption 
In this section, the effect of shape assumption is going to be assessed, by comparing predictions of 
HF1 (Layout I) and HF2 (Layout II) (c.f. Table 4). Initially, predicted values of heat flux using 
correlation HF1 are compared to experimental measurements [9, 13, 14, 15, 27]. Aiming to determine 
the effect of fire power (HRR), opening factor (OF = AoHo
1/2) and height from the opening lintel (z) 
predictions are depicted in “groups” exhibiting similar values of HRR (Figure 3), OF (Figure 4) and 
non-dimensional height z/H0 (Figure 5). It is evident that predicted values lie both in the 
“conservative” (over-prediction) and “non-conservative” (under-prediction) regions. Predicted values 
err on the safe side in roughly half of the NoFD test cases; however, the significant under-prediction of 
the experimental data under FD conditions may represent a potential risk when this methodology is 
used for building design purposes. There is no clear tendency of the effect of HRR, OF and height 
  
from the opening, Figures 3, 4 and 5. Consequently, the results using methods HF2-HF4 are presented 
“grouped” only according to HRR values. In all methods, it is generally observed that discrepancies 
are higher in reduced OF (Figure 4) and positions near the top of the opening (Figure 5).  
Method HF2 is a modification of method HF1, by assuming a triangular flame shape (non-constant 
flame thickness) corresponding to Layout II (Figure 1). This methodology is applicable only for NoFD 
conditions [9]. Similar to predictions using HF1, there are significant discrepancies between the 
calculated values and measured data; though the scattering of the values is decreased, the 
improvement in accuracy cannot be considered significant. Thus, triangular EVF shape assumption 
does not considerably improves predicted heat flux values (Figure 6). 
5.2 Effect of Extinction Coefficient 
It is well established that radiation is the dominant mode of heat transfer in flames with characteristic 
length scales exceeding 0.2 m, while convection is more significant in smaller flames [26].  Accurate 
determination of the radiative heat transfer by the flame and gaseous combustion products is 
challenging since it is associated with numerous interacting physical processes, such as energy 
exchange between surfaces and emission and absorption by gases and particles (mainly water vapour, 
carbon dioxide and soot). Knowledge of the temporal and spatial distributions of EVF temperature, 
soot size and gas species concentrations [26], contributes to the accurate determination of radiative 
heat transfer; however although it is possible to estimate these parameters [43, 44], it is not practical 
for realistic fire scenarios. As an alternative, the use of reasonable estimates, empirical correlations or 
experimental measurements is commonly employed in most analytical methodologies [10, 21]. One of 
the main parameters influencing the radiative heat flux between a flame and a surface is the local 
flame emissivity (εz), which is generally estimated using Eq. (21) by assuming a homogeneous flame. 
The value of εz is strongly affected by the extinction coefficient of the fuel’s combustion products 
(gases, soot) (kfuel,λ) [23, 26, 43]; in general, sootier flames result in higher emissivity values. 
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In recent years there has been considerable discussion on whether luminous flames can be regarded 
as being spectrally gray [23, 43, 44]; a range of experimental investigations [45, 46] suggest that the 
flame can be safely assumed to be spectrally gray for fire engineering applications. Using this 
assumption, Eq. (21) can be significantly simplified in the form of Eq. (22). 
 
 )exp(1 zfuelz λkε −−=   (22) 
 
In a real fire environment, the extinction coefficient varies both spatially and temporally, based on 
the prevailing local conditions, e.g. gas mixture composition and temperature, soot concentration. 
Evidently, an accurate estimation of the extinction coefficient can only be achieved by means of either 
extensive measurements (e.g. direct sampling of the in situ soot volume fraction) or detailed numerical 
simulations (e.g. use of computational fluid dynamics tools). Since such approaches are of limited 
value in practical fire engineering design calculations, a simplified methodology is commonly 
employed by using an “effective radiation temperature”, assuming typical soot and gaseous 
  
concentrations for each fuel [47]. In the heat flux estimation methodology introduced by Law [21] and 
later modified by Oleszkiewicz [9], a constant value for the extinction coefficient (kfuel) was proposed, 
based on available wood crib fire experimental data (c.f. Section 2.2.3). However, aiming to improve 
the accuracy of the EVF-induced heat flux estimations, the effect of using different extinction 
coefficient values for each fuel is investigated here. The extinction coefficient values used for each test 
case, based on the actual fuel employed in the respective fire test, are presented in Table 9 [21, 23, 24]. 
The presented bibliographic values are indicative and may provide practical engineering estimates. If 
more accurate estimations are required, a thorough numerical simulation analysis should be 
performed, by employing a more rigorous heat transfer methodology. 
Model HF3 is a modified version of HF1, where the effect of different type of fuel used in each fire 
test is taken into account by modifying the extinction coefficient (kfuel) using values presented in Table 
9. The obtained predictions are shown in Figure 7; it is evident that method HF3 outperforms method 
HF1 under both NoFD and FD conditions (c.f. Figure 3). Especially under FD conditions, even at high 
HRR values, by producing more conservative results predicted values tend to reasonable agreement 
with experimental data. The calculation method under NoFD conditions appears rather conservative 
and although the predicted values tend to be slightly lower than measured in positions near the top of 
the opening, they in general err on the safe side.  
5.3 Effect of Convective Heat Transfer Coefficient 
In this section, the effect of the convective heat transfer coefficient is assessed, by comparing 
predictions of HF4 and HF5. Convective heat transfer is usually not emphasized in most fire events, 
since radiation dominates heat transfer in large scale events (above 1 m in scale) [23, 48]; as a result, 
limited studies have focused on the determination of the convective heat transfer coefficient [48]. 
However, in order to effectively calculate the heat transfer rate at the boundary layer formed between 
the hot EVF gases and the colder façade surface, estimation of the convective heat transfer coefficient 
is an important parameter. In an EVF, the convective heat transfer coefficient depends on the mass 
flow and temperature of the hot gases, as well as on the temperature, size and orientation of the 
receiving surface [21, 23]. The convective heat transfer coefficient is obtained from relationships 
employing the Nusselt and Reynolds numbers, assuming a natural convective flow perpendicular to a 
tube or an infinite plate [9, 21]. 
A fixed value for the convective heat transfer coefficient, ac = 25 W/m
2K, as suggested in Clause 
3.2.2 of Eurocode 1 for external fire curves [10], is used in method HF4. Predicted results using this 
value produce sufficiently accurate results, Figure 8, especially under FD ventilation conditions, were 
larger heat flux values were observed. Results obtained for lower heat flux values, away from the 
opening, and for higher opening factors generally err on the safe side. Although method HF4 does not 
outperform method HF1 under NoFD conditions, predictions under FD conditions prove to be more 
conservative. 
In Clauses B.4.1 and B.4.2 of Eurocode 1 [10], the convective heat transfer coefficient can be 
estimated using Eq. (19) and (23) for NoFD and FD conditions, respectively; values for the HRR, the 
opening’s geometry and ventilation conditions are needed in this case. In method HF5, these equations 
are used to determine the convective heat transfer coefficient for each measurement position on the 
facade. The main difficulty in using this methodology arises in cases where the point of interest is very 
close to the opening, resulting in unrealistically high values of the convective heat transfer coefficient. 
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In this case, the agreement between experimental and predicted values is worse than that achieved by 
methods HF1 and HF4 (Figure 9). Compared to the other methodologies, predictions of HF5 are non-
conservative since they underestimate, in almost all cases under NoFD conditions, the measured heat 
flux values. Better agreement is observed under FD conditions, especially in cases exhibiting larger 
HRR. 
5.4 Overall Analysis 
An overall comparison of the façade heat flux estimation methodologies (HF1-HF5) is shown in 
Figure 10, where relative errors for each model are depicted as a function of the normalized height 
above the opening lintel (z/H0). Due to the largely dissimilar heat flux measurement points in each of 
the 30 experimental test cases considered (c.f. Table 6), results have been averaged among four 
normalized height levels, namely 0.0-0.5, 0.5-1.0, 1.0-1.5 and 1.5-3.0. The presented estimated 
relative error values correspond to the normalized difference between predictions and experimental 
data; a positive relative error value suggests a conservative estimation, whereas a negative value 
signifies a potentially hazardous under-prediction of the measured heat flux. All methods are found to 
underestimate the measured heat flux values close to the lintel opening (z/H0 < 0.5). However, 
predictions become generally more conservative with increasing height. Method HF3 yields the most 
conservative results under both NoFD and FD conditions, whereas method HF1 significantly under-
predicts the measured heat flux values when FD conditions prevail. The effect of the assumed flame 
shape is rather negligible, since predictions of HF1 and HF2 lie very close to each other. Method HF5 
clearly fails in both NoFD and FD conditions, by consistently under-estimating the façade heat flux 
levels at low elevation values (z/H0 < 1.5). 
An overall evaluation of the methodologies used for the heat flux calculation is summarized in an 
evaluation matrix (Table 10). Relative errors are calculated for each test case and methodology, 
presented in details in Sections 5.1-5.3. Average values are calculated for test cases under NoFD 
(Average NoFD) and FD (Average FD) ventilation conditions; an overall relative error is also 
calculated for all cases (Average ALL). Method HF1 is used as a "benchmark" case; predictions under 
NoFD conditions exhibit reasonable agreement with experimental data. However, this is not the case 
under FD conditions, where measurements are under-predicted, on average, by a relative error of 25%. 
The effect of flame shape is investigated only under NoFD conditions (test cases 1-23). Although, 
method HF2 generally outperforms method HF1, the improvement on accuracy cannot be considered 
significant; method HF2 over-predicts the experimental data by an overall relative error of 42%, 
whereas method HF1 yields an overall relative error of 47%. When method HF3 is implemented, by 
taking into account the specific fuel properties on the estimation of the extinction coefficient for the 
calculation of heat flux radiative component, predictions are on the safe side, under both NoFD and 
FD conditions. Even more conservative estimations are derived for FD conditions when method HF4 
is used, where a constant value for the convective heat transfer coefficient is employed. An attempt to 
use a more rigorous methodology for the calculation of the convective heat transfer coefficient has not 
proven to be successful, as demonstrated by the large errors obtained when method HF5 is used. This 
can be attributed to the fact there are not clear guidelines for the application of Eqs. (19) and (23) on 
facades exposed to EVF. Overall, it seems that the effect of fuel properties on the extinction 
coefficient (c.f. Section 5.2) has the highest impact on façade heat flux predictions.  
  
6 Conclusions 
Acknowledging the importance of practical methodologies in filling the gap between the use of 
"blurry" predefined values and elaborate scientific performance-based design methodologies, this 
study aimed at evaluating a broad range of empirical correlations and widely employed methodologies 
for the estimation of EVF characteristics, using full-scale experimental data. The fundamental physical 
mechanisms and parameters influencing the development of EVF have been analyzed with respect to 
safety, emphasizing on the EVF dimensions and centerline temperatures. In terms of the heat flux 
received by the exposed side of the façade, several analytical models and correlations used to estimate 
the radiative and convective heat flux components have been reviewed and their limitations have been 
discussed. An overall assessment of all the employed correlations and methodologies analysed in this 
work is presented in Table 11. 
Particular emphasis has been given in the estimation of the EVF dimensions and centerline 
temperatures, since these are the main physical parameters that affect the heat flux to the façade. 
Under NoFD conditions, empirical correlations for the estimation of the EVF geometric characteristics 
exhibited a qualitative agreement with experimental values; however, this was not the case for FD 
conditions, when all correlations were found to under-estimate the measured values. Regarding the 
EVF centreline temperature estimation, it has been demonstrated that the use of correlation T1 under-
estimates experimental values under NoFD conditions, whereas it errs towards conservative 
estimations under FD conditions. Correlations T2, T3 and T4 may also be safely used, although the 
accuracy of calculations in positions near the top of the opening is generally limited. The observed 
discrepancies may be attributed to the fact that the majority of the empirical correlations have been 
developed based on combustion of mainly cellulosic fuels [5, 21] or constant HRR burners [41], which 
do not fully correspond to realistic fire loads. 
Predictions of the heat flux to the façade, using various methodologies, under both NoFD and FD 
ventilation conditions, highlighted the importance of the extinction coefficient (kfuel). It has been found 
that the assumption of a triangularly shaped EVF (HF2) does not affect the accuracy of the 
calculations. When model HF3 is used, predicted values generally err on the safe side being, under 
both NoFD and FD conditions. In the case of FD conditions, more conservative predictions have been 
obtained using model HF4, where a constant value for the convective heat transfer coefficient is 
employed. An attempt to use a more rigorous methodology for the calculation of the convective heat 
transfer coefficient has not been successful, as demonstrated by the large errors obtained when method 
HF5 was used. Overall, model HF3, where the effect of the fuel type used in each fire test is taken into 
account, has been found to outperform the other methodologies, under both FD and NoFD conditions. 
Therefore, method HF3 is deemed to be safe for use in fire engineering design calculations. 
It is widely accepted that the suitability of a simplified fire safety engineering design methodology is 
determined by its intended application and by verification through detailed experimental 
measurements; only a method that is both versatile and practical, yielding sufficiently accurate results, 
may prove suitable for practical applications. Taking into account that simplified methodologies, such 
as the ones presented in this paper, should produce conservative design values, there is an urgent need 
for design guidelines that provide explicit recommendations on how to use them. Even when more 
sophisticated models are available, a compromise is often necessary between accuracy, cost and time 
during fire safety design. Knowledge of the errors and limitations of fire engineering correlations is 
necessary if an analytical approach is intended to be used as an alternative to the more advanced 
performance-based methodologies.  
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Nomenclature 
Symbol Units – Value Description 
Ao m
2 Opening area 
Av m
2 Total area of vertical openings on all walls of the compartment 
c 4.67 Empirical factor (Eq. 19) 
Cp 1005 J/kg
.K Specific heat of air at ambient conditions 
Dv m Hydraulic diameter of the opening 
deq m Characteristic length scale of an external structural element 
Eb kW/m
2 Black body emissive power 
g 9.81 m/s2 Gravitational acceleration 
Ho m Opening height 
Hu 13100 kJ/kg O2 Heat release of cellulosic fuels for each kilogram of oxygen consumed  
heq m Weighted average of openings heights on all walls 
k m-1 Extinction coefficient      
kfuel m
-1 Extinction coefficient for the combustion products of a specific fuel 
LL_0.05 m Flame height at the “continuous flame” (5% flame intermittency limit) 
LL_0.50 m Flame height at the “intermittent flame” (50% flame intermittency limit) 
LL_0.95 m Flame height at the “far-field flame” (95% flame intermittency limit) 
LL m Height of EVF 
LH m Projection of EVF 
Lf m Flame length 
l - Characteristic length scale (Eq. 9) 
lx m Length along the EVF centerline, originating at the opening 
am  kg/s Mass flow rate of incoming air to the compartment  
fm  kg/s Fuel mass flux  
2O
m  kg/s Oxygen mass flux 
gm  kg Mass of unburnt gases venting outside the fire compartment 
Q  MW Heat Release Rate 
exQ
  MW Excess Heat Release Rate 
minsQ ,
  MW Average Heat Release Rate at the interior of the fire compartment 
q   W/m2 Heat flux 
convq   W/m
2 Convective heat flux 
  
radq   W/m
2 Radiative heat flux 
r - Fuel-to-oxygen stoichiometric mass ratio 
r' - Oxygen-to-fuel stoichiometric mass ratio 
ro m Equivalent radius of the opening  
Tz K EVF centerline temperature in relation to height from the opening soffit 
Tamb 15.25
oC Ambient temperature 
Tf K “Effective” flame temperature 
To K Temperature at the center of the opening 
Twall K Facade wall temperature 
V m/s External wind speed 
V  m3/s Air volumetric flow rate 
Wo m Opening width 
wf m EVF width 
wt m Sum of opening widths on all walls of the burning room 
wd m Distance to any other window 
YO2,air 0.232 Oxygen mass fraction in ambient air 
z m Height above the opening lintel 
Zn m Height of the neutral plane 
   
Greek letters  
ac W/m
2K Convective heat transfer coefficient 
ΔTm K Plume centerline temperature rise above ambient 
ε - Emissivity  
εz - Local emissivity of the flame 
λ m Flame thickness 
ρamb 1.204 kg/m
3 Air density at ambient conditions 
ρ500
ο
C 0.45 kg/m
3 Air density at 500oC 
σ 5.67×10-8 kg/s3K4 Stefan Boltzmann constant 
φf - Configuration factor (radiation from fire through windows) 
φz - Configuration factor (radiation from EVF) 
 
Abbreviations 
EVF Externally Venting Flames 
FD Forced Draught 
GER Global Equivalence Ratio 
HRR Heat Release Rate 
NoFD No Forced Draught 
OF Opening Factor 
 
  
Figure Captions 
 
Fig. 1 Schematic of the general EVF shape assumed in engineering correlations for NoFD (left) and 
FD (middle) conditions; front view of the compartment-façade configuration (right). 
 
Fig. 2 Vertical distribution of measured and predicted centreline EVF temperatures under NoFD (left) 
and FD (right) conditions. 
 
Fig. 3 Experimental and predicted heat flux values (HF1) for NoFD (left) and FD (right) ventilation 
conditions (grouping based on HRR). 
 
Fig. 4 Experimental and predicted heat flux values (HF1) for NoFD (left) and FD (right) ventilation 
conditions (grouping based on ventilation factor). 
  
Fig. 5 Experimental and predicted heat flux values (HF1) for NoFD (left) and FD (right) ventilation 
conditions (grouping based on height).  
 
Fig. 6 Experimental and predicted heat flux values (HF2) for NoFD ventilation conditions. 
 
Fig. 7 Experimental and predicted heat flux values (HF3) for NoFD (left) and FD (right) ventilation 
conditions (grouping based on HRR). 
 
Fig. 8 Experimental and predicted heat flux values (HF4) for NoFD (left) and FD (right) ventilation 
conditions (grouping based on HRR). 
 
Fig. 9 Experimental and predicted heat flux values (HF5) for NoFD (left) and FD (right) ventilation 
conditions (grouping based on HRR). 
 
Fig. 10 Relative errors of predicted heat flux values, under NoFD (left) and FD (right) conditions. 
